Optimising intravascular volume in patients with hypotension requiring vasopressor is a key challenge of critical care medicine. Evidence suggests that both inadequate and excessive fluid resuscitation may worsen clinical outcomes 1, 2 . An ideal haemodynamic parameter to guide fluid optimisation should be accurate, non-invasive and continuous, allowing treatment to be titrated according to the patient's response. Central venous pressure (CVP) has been widely used as a guide to reflect the cardiac preload. However, recent evidence suggests that both as a static and dynamic trend parameter, CVP is not useful to predict fluid responsiveness in critically ill patients 3 .
It is well established that left ventricular stroke volume will change with changes in intrathoracic pressure, and by measuring variation in the arterial pressure waveform during mechanical ventilation inadequate preload or fluid responsiveness can be assessed 4 . Advances in technology have led to the development of a non-invasive device similar in appearance to a pulse oximeter that measures the plethysmographic wave form amplitude (perfusion index [PI] ) and the variation of this amplitude over a given respiratory cycle (plethysmographic variability index [PVI] ).
PVI is calculated as follows: PVI = [(PI max -PI min ) / PI max ] × 100%.
Recent meta-analyses have suggested that plethysmographic indices such as PVI are accurate in predicting fluid responsiveness, especially during positive pressure ventilation 5, 6 . However, the majority of these studies included mainly elective surgical patients. The accuracy of PVI to predict fluid responsiveness in critically ill patients who are mechanically ventilated with a small tidal volume and require vasopressor such as noradrenaline remains controversial [7] [8] [9] [10] [11] .
Anatomically, the inferior vena cava (IVC) is directly connected to the right atrium without any venous valves. As such, its dimension is related to the right atrial pressure and changes in intrathoracic pressure. Although non-invasive measurement of IVC diameter to assess preload and predict fluid responsiveness makes physiological sense and is supported by several small studies [12] [13] [14] , its accuracy and general utility in patients who are mechanically ventilated with a small tidal volume (6 to 7 ml/ kg) and require noradrenaline to maintain blood pressure remains unproven 15 .
We hypothesised that PVI is accurate in predicting fluid responsiveness in patients who are mechanically ventilated with a small tidal volume and require noradrenaline to maintain blood pressure. In this study, we compared PVI to CVP and IVC distensibility index for predicting fluid responsiveness in such patients. Furthermore, we assessed whether fluid responsiveness was associated with a change in PVI (Δ PVI), CVP (Δ CVP) or heart rate (Δ HR).
METHODS
After obtaining Royal Perth Hospital Ethics Committee approval (Approval No. EC2012/031), 25 critically ill adult patients were recruited for this study. All were mechanically ventilated with a small tidal volume (<8 ml/kg) and had hypotension requiring noradrenaline to maintain a mean arterial blood pressure >65 to 70 mmHg. The sample size of this pilot study was based on the sample size of similar studies reported in the literature 13, 14 . Patients were eligible for inclusion if they fulfilled all of the following criteria: (a) requiring noradrenaline infusion for hypotension through an internal jugular or subclavian central venous catheter; (b) requiring mandatory mode positive pressure mechanical ventilation with a small tidal volume; and (c) for clinical reasons, the attending physician planned to administer a 500 ml intravenous colloid fluid bolus (either 4% albumin or gelofusine [B. Braun, Melsungen, germany]) to optimise the haemodynamics of the patient. Patients were excluded if they were not in sinus rhythm or had any spontaneous respiratory effort above the mandatory ventilation because PVI can be less accurate in patients with arrhythmias or who are spontaneously breathing 6 .
Before administering the fluid bolus, baseline measurements included body weight, HR, arterial blood pressure, urine output, arterial lactate concentration, noradrenaline dose, positive end expiratory pressure, peak airway pressure, tidal volume, CVP, PI, PVI (Radical 7 signal extraction pulse cooximeter, Masimo, Irvine, CA, USA), maximum and minimum IVC diameter with ventilation, and stroke volume. The IVC dimensions were measured using ultarasound via a subcostal view (iE33xMATRIx, Koninklijke Philips ® , Andover, MA, USA) just proximal to the origin of the suprahepatic vein, and the IVC distensibility index was defined as (maximum IVC diameter -minimum IVC diameter) / minimum IVC diameter) 12 . In this study, stroke volume was estimated by multiplying the velocity-time integral, averaged over three consecutive heart beats, with the cross-sectional area of the left ventricular outflow tract using apical 5-chamber and parasternal short-axis views, respectively. All echocardiographic data were recorded and reviewed by an investigator who has a Postgraduate Diploma in Echocardiography and was blinded to the fluid responsive status of the patients. Disagreements between the investigator who After administering 500 ml of colloid fluid, PVI, PI, CVP, HR and stroke volume measurements were immediately repeated. The ventilatory settings, sedation and noradrenaline doses were kept constant throughout the study period, as was the patient's position. In this study, fluid responsiveness was defined as an increase in stroke volume of >15% after the fluid challenge 6 .
The discriminatory ability of each haemodynamic parameter to determine fluid responsiveness was assessed by area under the receiver operating characteristic curve. When the area under the receiver operating characteristic curve of a haemodynamic parameter is substantially >0.5, this suggests that a higher value of that haemodynamic parameter is associated with an increased likelihood of fluid responsive (e.g. PVI). Conversely, an area under the receiver operating characteristic curve that is substantially <0.5 will suggest that a lower value of that haemodynamic parameter is associated with an increased likelihood of fluid responsiveness (e.g. CVP).
In order to assess whether the trend or change of a haemodynamic parameter was associated with fluid therapy, the difference in haemodynamic parameters before and after fluid challenge was assessed by a paired t-test. We used the non-parametric Spearman correlation coefficient (r s ) with its 95% confidence interval (CI), after applying Bonferroni corrections 16 , to assess whether ΔCVP, ΔHR and ΔPVI had any correlations with the changes in stroke volume after fluid therapy. All statistical analyses were conducted using SPSS for Windows (version 19.0, 2012 IBM, Armonk, Ny, USA) and a P value <0.05 was taken as significant.
RESULTS
Twenty-five patients were enrolled in the study over a period of nine months (April to December 2012). In one patient, accurate IVC measurements could not be obtained due to a thick dressing over a high midline laparotomy incision, but in all other patients the required measurements were taken. No significant tricuspid regurgitation waveform on the CVP tracing or significant right ventricular dysfunction in the echocardiographic apical 5-chamber view was observed in the study patients.
All patients were mechanically ventilated without significant spontaneous breathing effort and were treated with noradrenaline infusion to maintain a 
mean arterial blood pressure above 65 to 70 mmHg. Three patients were also treated with dobutamine to improve peripheral perfusion (2.5 to 5.7 µg/kg/minute) but no other vasoactive drugs such as milrinone or levosimendan were used in any of the study patients during the study period. The baseline characteristics of the participants are described in Table 1 . Overall, the PVI, CVP, stroke volume and cardiac output, but not HR or PI, of the whole cohort were significantly different after a fluid bolus (Table 2 ). However, of the 25 patients included in the study, only 12 (48%, 95% CI 30 to 67%) were considered as fluid responders with an increase in stroke volume of greater than 15% after the fluid bolus.
As a static or single haemodynamic measurement, the baseline PVI, CVP, IVC diameter and IVC distensibility index were not reliable in discriminating fluid responders from non-responders (Table 3) . A comparison of these static measurements showed that PVI was the least accurate at predicting fluid responsiveness (area under receiver operating characteristic curve=0.41, 95% CI 0.18 to 0.65).
After the fluid bolus, only ΔPVI (i.e. not ΔCVP or ΔHR) was associated with changes in cardiac ouput (responders: mean change in PVI = -7.3, standard deviation 6.1 versus non-responders: mean change in PVI = -0.4, standard deviation 5.2, Table 4 and Figure 1 ). After applying Bonferroni corrections, changes in stroke volume after fluid therapy were associated with ΔPVI (r s = -0.58, 95% CI 0.24 to 0.90; P=0.006) but not ΔCVP (r s = -0.37, P=0.21) or ΔHR (r s = -0.40, P=0.15, Figure 2 ).
DISCUSSION
Our results suggested that as a static single haemodynamic measurement, all standard haemodynamic parameters including PVI, CVP, IVC distensibility index and PI were not useful in predicting fluid responsiveness in patients who were mechanically ventilated with a small tidal volume and required noradrenaline. This confirms the results of many previous studies that a single measurement of a static haemodynamic parameter including CVP is not useful in predicting fluid responsiveness or the preload status of critically ill patients 3 . This is, perhaps, not surprising because substantial individual variations in all static haemodynamic parameters are expected from complicated interactions between intrathoracic pressure, ventricular compliance, HR, vasomotor tone and intravascular volume.
We have rejected our initial hypothesis that PVI is accurate at predicting fluid responsiveness in this group of patients. In fact, of the parameters we assessed, PVI was demonstrated to be the least accurate means of discriminating fluid responders from non-responders. This conclusion conflicts with the outcome of many studies on surgical patients which show that a single reading of PVI can be useful at predicting fluid responsiveness 6 . This discrepancy may be due to the fact that all our patients were treated with a vasopressor that would affect the vasomotor tone and peripheral perfusion. Furthermore, the tidal volume used in our critically Figure 1 : Difference in the changes in PVI between patients who responded to a 500 ml colloid fluid bolus and those who did not. Mean difference in change in PVI between responders and non-responders= 6.9, 95% CI 2.3 to 11.6. Fluid responsiveness was defined by an increment in stroke volume of at least 15% from baseline. PVI=plethysmographic variability index, CI=confidence interval. ill patients was smaller than those used in the elective surgical patients (7 versus 10 ml/kg), reducing the variability in plethysmographic amplitude and hence the accuracy of PVI. Similarly, previous studies that suggested the IVC distensibility index was useful to predict fluid responsiveness also used a larger tidal volume (>8 to 8.5ml/ kg) than in our study and this may also explain why our results were different from the positive results reported in the previous studies 12, 13 . An interesting observation of our study was that in those patients who responded to fluid therapy, the improvement in cardiac output was associated with a significant change in PVI. While this may be of little clinical use in predicting fluid responsiveness because it is obtained only after the fluid has been given, it may be of value as a haemodynamic trend monitor. Our results would suggest that ΔPVI may have some weak association with improved stroke volume ( Figure  2 ). This association is likely due to the fact that PVI reflects peripheral pulse volume and perfusion, and a change in stroke volume may increase the amplitude of the peripheral pulse volume or reduce its variation during respiration. Whether a change in PVI is a reliable surrogate marker for a change in cardiac output in response to fluid therapy or haemorrhage in patients who are mechanically ventilated and require noradrenaline warrants further investigation.
The last consideration is the limitations of this study. First, in some of our patients the subcostal echocardiographic windows were not optimal, which may have been a source of measurement error and hence affected accuracy in predicting fluid responsiveness. However, this is a recognised limitation of any ultrasound measurements in patients who are mechanically ventilated. Second, we did not plan to repeat the IVC distensibility index after the fluid bolus in this study. As such, it is possible than the Δdistensibility index could be more useful than the ΔPVI in discriminating fluid responders from non-responders 12 , and this also merits further investigation. Third, the sample size of this study was small and hence we cannot exclude a type 2 error in concluding that PVI or IVC distensibility index were not useful predictors as a static haemodynamic parameters. Furthermore, evaluation of the interactions between airway pressure, vasopressor doses and different haemodynamic parameters with the small sample size of this pilot study was not possible. Finally, although this study specifically looked at non-invasive means of predicting fluid responsiveness, it would also have been interesting to have arterial waveform-derived haemodynamic variables and stroke volume variations as comparisons 17 .
In summary, in this group of critically ill patients requiring a noradrenaline infusion, PVI, CVP and IVC distensibility index were all inaccurate at predicting volume responsiveness. However, fluid responsiveness was associated with a change in PVI, suggesting that ΔPVI may be a surrogate marker of improved cardiac output following a fluid bolus. This observation warrants further investigation. 
